C 16 saturated fatty acid (Palmitic acid) is one of the most common dietary fatty acids which played an important role in the cellular biological functions. Palmitic acid (PA) was tested for potential inhibition of DNA topoisomerase I (topo I) and it exhibited inhibitory activity in the nanomolar range. Treatment of lung adenocarcinoma cell line A549 with PA resulted in a decrease in cell viability in a concentration-dependent manner, and PA showed cytotoxicity with an IC 50 value of 150 µM. DNA fragmentation assay and caspase activity indicated that PA does not induce apoptotic cell death in A549 cells. Finally, we found that PA was able to cause an increase in autophagic flux in a time-dependent manner, evidenced by the accumulation of LC3 through monodansylcadaverine (MDC) staining. More importantly, inhibition of autophagy by blocking autophagosome formation via the inhibition of type III Phosphatidylinositol 3-kinases (PI-3K), by 3-Methyladenine (3-MA) was able to effectively suppress PA-induced autophagy. We showed that inhibition of autophagy sensitized the cells signal to PA-induced apoptosis, suggesting the pro-survival function of autophagy induced by PA. Taken together, results from this study reveal that PA as a topo I inhibitor induced autophagic cell death in A549 cells.
Introduction
Natural resource products have been used as source of novel therapeutics for several years. Natural products have been selected during evolution to interact with biological targets and their high degree of chemical diversity make them attractive as lead structures for discovery of new drugs [1] . A number of plant-derived anticancer drugs have received FDA approval for marketing: Taxol, Vinblastine, Vincristine, Topotecan, Irinotecan, Etoposide and Teniposide [2] . Palmitic acid (PA) is one of the most common saturated fatty acid found in animals and plants. PA is a major component of the oil from palm trees (palm oil and palm kernel oil). It is also found in butter, cheese, milk and meat. Interestingly, during our investigation for a topoisomerase (Topo) I inhibitor, we found that PA shows strong inhibitory activity against Topo I. Topo I are DNA enzymes which are the regulators of the topology of the supercoiled DNA double helix during the transcripttion and replication of cellular genetic materials. There are two main types of topoisomerases, Topo I and II [3] . Topo I initiates the cleavage of a single strand of DNA molecule while Topo II cleaves both DNA strands. The complete or partial inhibition of this DNA replicative mechanism results in the accumulation and stability of cleavable complexes and subsequent death of the cell [3, 4] .
Cancer is the prominent cause of death in developed countries as well as the second leading cause of death in developing countries. The burden of cancer is increasing in economically developing countries as a result of population aging and an adoption of cancer-associated lifestyle choices including smoking, physical inactivity, and westernized diets. Lung cancer is the most common cause of cancer-related death worldwide [5] . Lung cancer survival rate is poor with only 15% of patients surviving 5 years after diagnosis. New chemotherapy drugs and radiotherapy have improved survival and quality of life of patients, but the overall effect in the last decade has been mainly on palliation rather than reduction in mortality. The antitumor effect of Topo I inhibitors suggests that the accumulation or prolongation of Topo I cleavable complexes results in irreversible DNA replication defects and subsequent cell cycle arrest followed by cell death [6] . Consequently, tumors that express significantly high levels of Topo I enzyme are presumed to be easy targets for Topo I inhibitors.
Topo I is a dual activity enzyme. First, it momentarily nicks double-stranded DNA which is responsible for relieving the torsional stress that occurs in DNA during transcription, replication, and chromatin condensation [7] . Second, it precisely phosphorylates arginine-serine-rich (SR proteins) essential splicing factors, is a regulator of splicing, and is potentially involved in pre-mRNA-splicing regulation [8] . The catalytic cycle of the enzyme consists of DNA cleavage to form a covalent enzyme-DNA intermediate, DNA relaxation, and finally, re-ligation of the phosphate backbone to restore the continuity of the DNA. DNA is the blueprint for humans and all other life forms, any damage to the DNA can result in cancer. Inhibitors of the topoisomerase enzymes have the ability to kill all cells undergoing DNA replication, reading of the DNA for protein production or experiencing repair of DNA damage. DNA, which is the genetic material, and the enzymes responsible for all the reactions in the body are major targets of interest for medical researchers looking for new cancer treatments. Therefore, topo I inhibitor is the novel target for anticancer drug development.
There are two types of programmed cell death that have been well defined in both normal cells as well as cancer cells. Type I programmed cell death (apoptosis) has been studied extensively at the morphological and biochemical level. Type II programmed cell death (autophagy) is involved in the formation of autophagosome, which then fuses with lysosomes to form single-membrane autophagolysosomes, followed by degradation through liposomal hydrolases. Autophagy is an evolutionarily conserved process in which long-lived proteins and intact organelles are engulfed within double-membraned vacuoles (autophagosomes) and then degraded after the vacuoles fuse with lysosomes (autophagolysosomes or autolysosomes). At the end of the process, the degradation products are released into the cytosol and reutilized for metabolism. The molecular machinery of autophagy is tightly regulated by diverse signaling pathways that are activated in response to various stimuli. Under physiological conditions, autophagy occurs at a basal level to maintain homeostasis. However, autophagy can result in cell death if it is massively activated under certain stresses [9] . The autophagy pathway is controlled by autophagy-related protein Atg which is involved in autophagosome formation [10] . MAP 1 (microtubule-associated protein 1) LC 3 (light chain 3), the mammalian homologue of yeast Atg8, plays a role in activation of LC3 I which is then converted to LC3 II by protease and is targeted to the autophagosome membrane. Hence, LC3 II has been used as an autophagosome marker [11] .
In this study, we aimed to investigate whether PA induces DNA damage by interacting with Topo I enzyme followed by autophagy and the biological significance of autophagy. We found that PA induced autophagy. Previously it was reported that the UV irradiation induced onrate autophagic flux and it was observed that autophagy acted as a cytoprotective mechanism in both the A549 and H1299 cell lines because knockdown of the two autophagy proteins, Beclin-1 and ATG5, enhanced the UV-induced cell death [12] . In our study, autophagy was inhibited by 3-Methyladenine (3-MA) by blocking autophagosome formation and increasing apoptosis, which suggests that autophagy acts as cytoprotective mechanism against DNA damage in A549 cells. During our investigation we found that PA induced cell death in A549 cells by activation of autophagy.
Materials and Methods

Cell Culture and Chemicals
The lung cancer cell line A549 was obtained from the American Type Culture Collection. Cells were cultured at 37˚C in RPMI 1640 medium containing 5% heat-inactivated fetal bovine serum (FBS) and 1% antibiotic (Wel-GENE Inc., Daegu, South Korea) in a 5% CO 2 incubator. Cells were maintained and subcultured. 3-Methyladenine (3-MA), fatty acid free bovine serum albumin (BSA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), monodansylcadaverine (MDC), 4,6-Diamidino-2-phenylindole (DAPI) and lysis buffer were obtained from Sigma Chemicals Co. (St. Louis, MO, USA). Other laboratory grade chemicals and reagents were purchased from Sigma Chemicals Co.
Cytotoxicity Assay
Cell viability was analyzed by reduction of MTT as previously described [13] with a slight modification. Cells were seeded at 1 × 10 5 cells/ well in 100 μl medium on 96-well plates and cultured at 37˚C in a 5% CO 2 incubator. Twenty-four hours after exposure different concentration (5000 µM to 39 µM) of PA, media were removed and cells were incubated in PBS containing 20 μl MTT at 37˚C for 3 h. The formazan product was solubilized by the addition of 50 μl of dimethyl sulfoxide (DMSO; Calbiochem Bio-Mol, La Jolla, CA, USA). Optical density was measured at 570 nm using a microplate reader (BioRad ® , Hercules, CA, USA).
Caspase Activity Assay
Caspase activities were determined using Caspase-3, -8 and -9 assay kits (Clontech, Terra Bella Ave, USA) according to the manufacturer's protocol. Protein concentration was measured using BSA Protein assay kit (Pierce Biotechnology ® , Rock-Ford, USA). Caspase activity was Copyright © 2012 SciRes. FNS measured using a microplate reader (Bio-Rad, Hercules, CA, USA) at 405 nm.
DNA Topoisomerase I Activity Assay
DNA topoisomerase I assay was performed using DNA topoisomerase assay kit (TopoGEN, Port Orange, FL) according to the manufacturer's protocol. The reaction mixture was prepared by adding pRYG DNA, topoisomerase enzyme (Takara ® , Shiga, Japan) and different concentrations of PA. After incubation at 37˚C for one hour, each sample was loaded into 1.5% agarose (Bioneer, Corp., Daejeon, South Korea) gel and electrophoresis was carried out.
Determination of Apoptosis Using Agarose Gel
A549 cells were seeded in 60 mm disc plates and treated with PA for 0, 6, 12 and 24 hours respectively and then washed with phosphate buffered saline (PBS). DNA was extracted using the Wizard genomic DNA purification kit (Promega ® , Madison, USA) according to the manufacturer's instructions. The extracted DNA was electrophoresed on a 1.5% agarose gel containing ethidium bromide.
DAPI and Monodansylcadaverine (MDC) Staining
A549 cells were grown on coverslips at a density of 1 × 10 5 cells/cm 2 overnight at 37˚C in a 5% CO 2 incubator. The following day, A549 cells were treated with PA (150 µM) for 0, 1, 6, 12 and 24 hours and washed with PBS.
Cells were treated with 50 µM of MDC for 5 minutes. Then, cells were washed with PBS followed by staining with DAPI (to a final concentration of 6 µM in PBS) for 5 minutes. Finally, cells were washed with PBS and fixed in 3% formalin solution for 30 minutes. Fluorescence intensity was monitored using a confocal microscope (Carl Zeiss, Oberkochen, Germany) and images were captured.
Immunoblot Analysis
Cells were washed and lysed using 10 µl/ml of lysis buffer containing protease inhibitor cocktail (Thermo Scientific, Rockford, IL, USA). The lysed cells were centrifuged and the protein concentration was quantified. Equal amounts of protein were separated on sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) electrophoresis (10% -15%) and then transferred onto polyvinylidene difluoride (PVDF) membrane and analyzed by immunoblotting using corresponding antibodies. LC3 primary antibody was purchased from Cell Signaling Technology (MA, USA). Bcl2, Bax, GAPDH and β-actin were purchased from Santa Cruz Biotec. (Delaware Avenue, Santa Cruz, CA, USA). Immobilized proteins were incubated with goat anti-mouse IgG and goat anit-rabbit IgG (Santa Cruz Biotec.) and signals were detected using enhanced chemiluminescence (ECL) detection kit (Santa Cruz Biotec.).
Statistical Analysis
All the experiments were repeated at least 3 times and the significance of difference between treatment and control was analyzed by t-test. Values are expressed as the mean ± SD.
Results and Discussion
PA as a Topoisomerase I Inhibitor and Its Cytotoxicity in A549 Cell Line
Samples of PA were prepared in ethanol and inhibitory activity of PA was checked in the agarose gel as described in the "Materials and Methods" Section. The result showed that there was complete inhibition of Topo I in the presence of PA as shown in Figure 1(a) . We further checked the cytotoxicity of PA in A549 cells. Samples of PA were prepared as previously described [14] with a slight modification. Cytotoxicity IC 50 of PA was found to be around 150 µM as presented in Figure 1(b) . Hence, PA induced cell death in A549 cells and further experiments were performed using the above mentioned concentration of PA.
Excessive intake of fatty acids causes lipotoxicity [15] . Lipotoxicity refers to the cytotoxic effects of excess fat accumulation in cells and has been implicated as one of the contributing factors to diseases like obesity, diabetes and non-alcoholic fatty liver [16] [17] [18] . Previously it was reported that PA has been identified as a novel CD4 fusion inhibitor that blocks HIV entry and infection [19, 20] , as an antibacterial compound [21] . PA also shows selective cytotoxicity to human leukemic cells, but no cytotoxicity to normal HDF cells [22] . The present study showed that PA inhibits topo I at nanomolar concentrations and its cytotoxic effect was observed in human lung adenocarcinoma cell line A549.
Determination of Apoptosis Using Agarose Gel and Caspase Activity
MTT assay showed cell death in A549 cells in the presence of PA. We tried to identify the type of programmed cell death (either apoptosis or autophagy) which occurred during experimental treatment with PA. Firstly, DNA fragmentation assay was performed in agarose gel electrophoresis as presented in Figure 2(a) . This figure confirmed that cell death was not induced via apoptosis. Secondly, the caspase activities (caspase-3, -8 and -9) which are known to be the markers of type I programmed cell death (apoptosis) were measured as shown in Figures 2(b)-(d) , respectively. Data of 24 hours treatment with PA showed that there were no changes in caspase-3 and caspase-9 activities but there was a slight increase in caspase-8 activity, which confirmed that cell death did not occur via apoptosis as previously described and that caspase-8 is not required for apoptosis [23] . Finally, we checked the caspase activities (caspase-3, -8 and -9) in the presence of autophagy inhibitor 3-MA, but we did not find any changes in caspase activity with respect to control. When, PA and 3-MA was treated together in the A549 cells, caspase activity was increased by 30% as shown in Figures  2(b)-(d) , respectively. Hence, we further checked the type of cell death by analyzing MDC staining and the expression level of autophagy marker LC3. Biochemically, apoptosis includes DNA fragmentation and caspase cascade activation. Previously, it was reported that PA induced apoptosis in a human granulosa cell line and this was confirmed by DNA fragmentation [24] , but in our study, DNA fragmentation was not observed in A549 cells. This study showed that treatment of cells with PA did not induce caspase-3 and -9 activity MDC, a fluorescent compound has been proposed as a tracer for autophagic vacuoles under in vivo conditions and is not present in the early and late endosome [25] . MDC positive structures accumulate predominantly at perinuclear regions whereas autophagosomes are detected almost evenly throughout the cytoplasm. MDC dots co-localize well with staining for late-endosomal and lysosomal markers [26] . Thus, formation of autophagosomes is the key step in autophagy and this was determined by MDC staining which gives a green although it induced caspase-8 activity. Actually caspase-8 is not required for apoptosis but it can accelerate apoptosis [23] . These data suggested that PA-treated cells did not show type I programmed cell death.
MDC Staining Confirmed Autophagosome Formation by PA in A549 Cells
Florescence while DAPI staining of nuclei shows a blue color as shown in Figure 3 . At 0 and 6 hours of exposure to experimental treatment, the DAPI staining was clear and uniform but the MDC staining was not clear. At 12 hours of treatment with PA, MDC staining for autophagosomes was not clear, but at 24 hours of treatment with PA, autophagosomes were clearly stained with MDC. At the same time, DAPI staining showed that there were nuclei fragmentations suggesting autophagic cell death. Autophagy is controlled by a group of autophagy-related genes (ATG genes) that control several sequential steps of the autophagic process, including induction, autophagosome nucleation and elongation, autophagosome docking and fusion with the lysosome, and finally autophagic body breakdown and release of the contents into the cytosol [27] . MDC positive structures accumulate primarily at perinuclear regions whereas autophagosomes are mottled almost evenly throughout the cytoplasm [26] . Autophagosome formation, which is key step in autophagy, was detected by MDC staining.
PA Induced Cell Death via Autophagy
Many studies suggested that LC3 has been used as a marker for autophagy. Hence, A549 cells were treated with PA (150 µM) and formation of LC3 was checked by immunoblot analysis. The data showed that LC3 formation increased in a time-dependent manner as shown in Figure 4(a) . Further, we investigated the role of autophagy inhibitor (3-MA) in the formation of LC3. Figure 4(b) demonstrates that after the A549 cell line was treated with PA for 24 hours, the conversion of LC3 I to LC3 II was increased with respect to control. When A549 cells were treated with the combination of PA and 3-MA, formation of LC3 II was decreased than that in A549 cells treated with PA alone suggesting the inhibition of autophagosome formation in A549 cells. When the A549 cell line was treated with 3-MA, immunoblot analysis of LC 3I and LC 3 II showed effective blockage of LC3 formation. These data suggested that 3-MA effectively blocked autophagosome formation in A549 cells. Further, we investigated Bcl2 and Bax expression levels in the same treatment condition using PA, 3-MA and the combination of both PA and 3-MA as shown in Figure 4(b) . Western blot result showed that treatment with PA or 3-MA and combined treatment with both drugs induced Bax and Bcl2 expression with respect to control. 3-MA, an inhibitor of type III Phosphatidylinositol 3-kinases (PI-K3) is known to be a selective and potent inhibitor which inhibits autophagy-dependent protein degradation and suppresses the formation of autophagosomes; cells were treated with the combination of PA and 3-MA and caspase cascade activities were measured. Caspase-3, -8 and -9 activities were increased by around 30% which suggested the induction of apoptosis. Yen R., et al. and Qiao C., et al. also reported that apoptosis increased in NB4 cells and HeLa cells after treatment with the combination of drug and 3-MA [28, 29] , suggesting that the pro-survival function of autophagy was induced by PA. PA induced autophagy in a time-dependent manner and maximum amount of LC3 formation was observed at 24 hours in A549 cell line. In the A549 cells treated with 3-MA, the expression level of LC was decreased with respect to those in the A549 cells treated with PA alone and with the combination of PA and 3-MA. Bax and Bcl2 level was increased in the presence of PA or 3-MA and the combination of both PA and 3-MA. BCL-2 family proteins at the endoplasmic reticulum (ER) also regulate autophagy, a survival pathway that limits metabolic stress, genomic instability and tumorigenesis [30] . Taken together, PA induced autophagy in A549 cell line.
Conclusions
Lipids are an important part of our diet: they serve as a potential source of energy and fuel for our cells, and some types of fats play an important role in maintaining a healthy heart, blood vessels and brain. One type of fatty acid which is present in commonly consumed foods is PA, a type of saturated fatty acid. PA exhibits DNA topo.
I inhibitory activity, which apparently promotes the formation of supercoiled DNA. Inhibitors of the topoisomerase enzymes have the ability to kill all cells undergoing DNA replication, reading of the DNA for protein production or experiencing repair of DNA damage. Since cancer cells divide much more rapidly than normal cells, the cancer cells will be killed by the topoisomerase inhibitors, although to some extent, normal cells with topoisomerase activity will be killed [31] .
DNA, which is the genetic material, and the enzymes responsible for all the reactions in the body are major targets of interest for medical researchers looking for new cancer treatments. Apoptosis has been widely studied as a cellular response to DNA damage, although this report suggests that autophagy also plays an important role in determining cell fate. Rodriguez-Rocha H., et al. suggested that autophagy as an integral part of DNA damage response [32] and DNA damage by PA (topo I inhibitor) induced autophagy. Herein, we reported for the first time that PA as a topo I inhibitor induced autophagy in A549 cells and it can be a potential drug in cancer treatment.
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